Introduction
============

Epithelial--mesenchymal transition (EMT) is a transcriptional process that has a key role in regulating embryonic morphogenesis and cancer metastasis. During EMT, epithelial cells lose their polarization and homotypic cell adhesion, resulting in a more motile, spindle-like morphology with increased invasiveness.^[@bib1]^ At the molecular level, EMT occurs as a result of the activity of several transcriptional factors, such as ZEB1/2, Twist, BMI-1, Snail, and Slug, which suppress expression of the epithelial marker E-cadherin and induce the mesenchymal genes *N-cadherin* and *Vimentin*.^[@bib1]^ However, the mechanisms and pathways that drive EMT programs are not fully understood.

Non-coding microRNAs (miRNAs), including miR-200 and miR-194/192 family members, have been identified as negative regulators of EMT and metastasis by repressing the expression of ZEB1/2.^[@bib2]^ The overexpression of miR-200 and let-7b in gemcitabine-resistant pancreatic cancer cells induces the mesenchymal--epithelial transition, which is the reverse process of EMT.^[@bib3]^ Moreover, miR-194 is critical for maintaining the hepatic epithelial cell phenotype and inhibits metastasis by targeting several EMT activator genes.^[@bib4]^

Recently, a regulatory connection between p53 signaling and miRNA-mediated EMT has been demonstrated. Wild-type (WT) p53 directly activates the transcription of miR-200c and miR-192 family members, which leads to ZEB1/2 downregulation and repression of EMT.^[@bib5]^ Furthermore, mutation of p53 can promote EMT and the aggressive potential of tumor cells by inhibiting WT p53-miR-200c pathways through dominant-negative effects on WT p53.^[@bib6]^ However, besides the dominant-negative effects upon WT p53, increasing evidence suggests that p53 mutations acquire additional oncogenic functions, such as a gain-of-function (GOF), which actively drive cells toward invasion and metastasis^[@bib7]^ through transactivation or transrepression of a large set of genes involved in regulation of cell adhesion, migration and proliferation.^[@bib8]^ In agreement with these findings, previous studies have found that overexpression of miRNAs (miR-181b and miR-200c) is associated with either p53 mutations or shorter patient survival in human colon cancer,^[@bib9]^ indicating that mutant p53 may exert GOF activities and promote EMT by modulating miRNAs.

Here, we identified a novel mechanism by which mutant p53 demonstrates GOF effects to facilitate EMT and cancer cell invasion by repressing miR-130b, an inhibitor of ZEB1. We further demonstrated that the expression of miR-130 was significantly reduced in endometrial cancer (EC) tissues, and patients with higher expression levels of miR-130b survived longer. Thus, these data suggest that restoration of miR-130b may have therapeutic value in tumors expressing mutant p53.

Results
=======

Mutant p53 GOF contributes to EMT in EC cells
---------------------------------------------

Although mutant p53 GOF has been shown to promote EMT by upregulating Twist in prostate cancer cells,^[@bib10]^ to date, the role of mutant p53 GOF in initiating EMT during EC progression remains unknown. To explore this issue, we used p53-null HEC-50 cells^[@bib11]^ stably transduced with vectors encoding p53 mutations R273H, R175H or C135Y, as well as an empty vector. Polyclonal cell lines were generated to omit clonal variation. The p53 protein level was verified using the anti-p53 (DO-7) antibody, which recognizes both WT and mutant p53.

Enforced expression of these p53 mutants induce a shift in cell morphology from a paved stone epithelial appearance to more mesenchymal phenotypes, with loss of cell-to-cell contact and increased cell spreading ([Figure 1a](#fig1){ref-type="fig"}). These morphological changes were accompanied by the upregulation of mesenchymal genes, including *Twist*, *ZEB1*, *BMI-1*, *Snail*, *N-cadherin* and *Vimentin*, and decreased expression of the epithelial marker E-cadherin ([Figure 1b](#fig1){ref-type="fig"}). To examine whether overexpression of mutant p53 can promote cell invasion, we next performed a cell invasion assay and observed a significant increase in the invasive capacity of mutant p53-expressing cells compared with empty vector-transfected control cells ([Figure 1c](#fig1){ref-type="fig"}). These findings were supported by concomitantly enhanced expression of metastatic-associated genes *osteopontin*, *MMP-2* and *MMP-9* in HEC-50 cells containing the p53 mutants ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}).

Recently, EMT has been shown to have critical roles in modulating the cancer stem-like cell phenotype and conferring increased drug resistance of cancer cells.^[@bib12]^ To test the roles of mutant p53 GOF in acquiring stemness and drug-resistant properties in EC cells, we investigated the effects of stable expression of mutant p53 R175H on the self-renewal potential of cells using a sphere formation assay. We also assessed the chemosensitizing properties of this cell line after treatment with paclitaxel using the Cell Counting Kit-8. We found that transfection of this mutant, but not empty vector, enabled HEC-50 cells to form floating spheres in a serum-free medium ([Figure 1d](#fig1){ref-type="fig"}) and became more resistant to paclitaxel treatment ([Figure 1e](#fig1){ref-type="fig"}). To further explore the mechanisms of mutant p53 GOF-mediated cancer stemness and drug resistance, Quantitative reverse transcription (qRT--PCR) was performed to show that the mRNA levels of well-characterized stem cell markers (*CD133*, *KLF4* and *NANOG*) and chemoresistance-related genes (*MDR-1* and *MRP-1*) was highly enhanced in R175H-expressing cells ([Figure 1f](#fig1){ref-type="fig"}).

Similar to the findings obtained from stable transfection experiments, transient transfection of a vector encoding mutant p53 R248Q, but not empty vector, promoted cell invasion ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}). In addition, this mutant also promoted EMT-like changes, including enhanced expression of ZEB1, BMI-1, N-cadherin and Vimentin, as well as repression of E-cadherin in HEC-50 cells ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). Taken together, these observations suggested a crucial role of mutant p53 GOF in driving EMT and invasive phenotypes of EC cells.

Knockdown of mutant p53 in EC cells causes a reversal of EMT and inhibition of cell invasion ability
----------------------------------------------------------------------------------------------------

To further examine whether loss of endogenous mutant p53 can inhibit EMT features, we performed shRNA-mediated knockdown of mutant p53 in HEC-1 cells, which express endogenous mutant p53 R248Q. Silencing of mutant p53 resulted in significant changes in cell morphology, and the scattered, mesenchymal-like HEC-1 cells began to exhibit a more epithelial-like cobblestone appearance ([Figure 2a](#fig2){ref-type="fig"}). Downregulation of this p53 mutant increased the expression of epithelial marker E-cadherin and repressed the expression of mesenchymal markers Twist, ZEB1, BMI-1, Snail, N-cadherin and Vimentin ([Figure 2b](#fig2){ref-type="fig"}). In agreement with these findings, knockdown of mutant p53 markedly reduced cell invasion ([Figure 2c](#fig2){ref-type="fig"}) and reduced the expression of osteopontin, MMP-2 and MMP-9 ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). To investigate if reduction of mutant p53 expression can suppress cancer stem-like and drug resistance properties, a sphere formation assay and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay were used. We found that HEC-1 cells transfected with *p53* shRNA displayed decreased sphere formation ([Figure 2d](#fig2){ref-type="fig"}) and were more sensitive to paclitaxel ([Figure 2e](#fig2){ref-type="fig"}). These results were supported by qRT--PCR experiments in which the mRNA expression of *CD133*, *KLF4*, *NANOG*, *MDR-1* and *MRP-1* were significantly attenuated following knockdown of endogenous p53 using shRNA ([Figure 2f](#fig2){ref-type="fig"}). Collectively, these results demonstrate that knockdown of mutant p53 can reverse the EMT phenotype and rescue cell invasion of EC cells.

ZEB1 is a key downstream mediator in p53 GOF mutant-induced EMT
---------------------------------------------------------------

Previous studies have shown that ZEB1 has a crucial role in the promotion of EMT and cancer stem cell properties in human cancer cells.^[@bib13]^ Overexpression of ZEB1 has been detected in aggressive EC.^[@bib14]^ Therefore, induction of ZEB1 expression by a p53 GOF mutant and reduction of its expression after mutant p53 silencing allowed us to postulate that ZEB1 may be essential for p53 GOF mutant-induced EMT in EC cells. Transfection of HEC-50 cells with *ZEB1* siRNA inhibited mutant p53 R175H-induced BMI-1 and Snail expression, restored E-cadherin expression ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}) and greatly impaired p53 R175H-mediated cell invasion ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). However, this treatment did not significantly affect the protein level of Twist. Following transfection with *ZEB1* siRNA in HEC-1 cells, the mRNA expression of *BMI-1* and *Snail* was suppressed and *E-cadherin* was elevated ([Supplementary Figure S3C](#sup1){ref-type="supplementary-material"}). These data indicate that ZEB1 acts as an important downstream effector of these p53 mutants to mediate the EMT process in EC cells.

The p53 GOF mutants contribute to global repression of miRNA expression
-----------------------------------------------------------------------

To identify miRNAs mediated by the p53 GOF mutants, we performed array-based miRNA profiling of HEC-50 cells transduced with either p53 mutants or empty vector. Of 188 human miRNAs assayed, 23 miRNAs were expressed above background levels. Ectopic overexpression of mutant p53 R273H, R175H and C135Y in HEC-50 cells led to a global downregulation of all these miRNAs ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). We further validated the microarray results using qRT--PCR ([Figure 3b](#fig3){ref-type="fig"}). Notably, the expression of several miRNAs with known tumor suppressor activity, including let-7b,^[@bib3]^ miR-143,^[@bib15]^ miR-194,^[@bib16]^ miR-424,^[@bib17]^ miR-451,^[@bib18]^ and miR-146^[@bib19]^ were significantly reduced in p53-mutant-expressing cells ([Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). Thus, these results suggest that global repression of miRNA expression is likely to be a critical mechanism for p53 GOF mutant-enhanced EC tumorigenesis.

Mutant p53 binds to and transrepresses the promoter of miR-130b
---------------------------------------------------------------

Considering the important roles of ZEB1 in regulating EMT, we next sought to determine whether any of the 23 miRNAs may target ZEB1, and if repression of these miRNAs by mutant p53 may contribute to increased ZEB1 expression in EC cells. We first searched for all predicted miRNA-*ZEB1* interactions by using two target-prediction algorithms: TargetScan (<http://www.targetscan.org>) and microRNA.org (<http://www.microrna.org>), and detected four miRNAs that potentially bind to the 3′ untranslated regions (3′-UTR) of *ZEB1* mRNA. We then cross-referenced these four miRNAs with the 23 miRNAs identified by miRNA microarray. We found three miRNAs (miR-130b, miR-301a and miR-301b) that were downregulated in p53-mutant-expressing cells and predicted to bind to *ZEB1* 3′-UTR ([Figure 3a](#fig3){ref-type="fig"}). We selected *miR-130b* to investigate its effects on EMT and EC cell invasion because transfection of miR-301a and miR-301b did not substantially alter the protein expression of ZEB1 in EC cells (data not shown).

To evaluate whether the p53 mutants (R273H, R175H and C135Y) control the expression of miR-130b, we examined the effects of overexpression of mutant p53 on the expression of miR-130b in HEC-50 cells. The qRT--PCR analysis confirmed a significant decrease in mature miR-130b levels following transfection with the p53 mutants ([Figure 3b](#fig3){ref-type="fig"}). Similarly, the p53 mutation R248Q, but not the empty vector, inhibited the expression of *miR-130b* when expressed transiently ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). On the other hand, HEC-1 cells transfected with *p53* shRNA exhibited a marked elevation in the level of miR-130b ([Figure 3c](#fig3){ref-type="fig"}). These results suggest that the endogenous expression of miR-130b is negatively regulated by p53 mutants.

Recent evidence has established an association between p53 and several miRNAs, such as miR-34,^[@bib20]^ miR-192^[@bib21]^ and miR-200c.^[@bib5]^ Transcription of these miRNAs is directly regulated by p53. In particular, several studies have suggested that miR-200c is downregulated in EC tissues,^[@bib22]^ and restoration of miR-200c expression in HEC-50 cells decreases cell invasion.^[@bib23]^ Using qRT--PCRs to compare miRNA levels in HEC-50 cells, we found that overexpression of mutant p53 R175H and C135Y decrease the expression of miR-200c by 30--20%, whereas mutant R273H has no effects on its expression ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}), indicating that downregulation of miR-200c is involved in mutant p53 GOF-induced EC cell invasion.

However, it remains unknown whether p53 mutants function as a transcription regulator of miR-130b. Therefore, we searched for p53-binding sites in the miR-130b promoter using a bioinformatics approach.^[@bib24]^ Importantly, we found a conserved p53-binding site (5′-GGGCATGGTGGCTCATGCCT-3′) with a ranking score of 83 ([Figure 3d](#fig3){ref-type="fig"}). To determine whether an endogenous p53 mutant can bind this site, chromatin immunoprecipitation (ChIP)--qPCR analysis was performed on HEC-1 cells. The human telomerase (*hTERT*) promoter served as a positive control, as it has been previously shown that p53 mutants can bind this promoter.^[@bib25]^ Both miR-130b (sixfold) and *hTERT* (eightfold) promoter sequences were specifically enriched by anti-p53 antibodies, but not by non-specific antibodies ([Figure 3e](#fig3){ref-type="fig"}). These data suggest that miR-130b is a direct target of mutant p53 in EC cells.

To assess if the downregulation of *miR-130b* expression is mediated by transrepression of the p53 mutants, we cloned the p53-binding sequence of the miR-130b promoter upstream of firefly luciferase to yield a WT plasmid pGL3-130b, and further generated mutant pGL3-130b luciferase vectors containing mutations in the candidate p53-binding site. The WT pGL3-130b or mutant pGL3-130b vector was transfected into HEC-50 cells with either a control vector, mutant p53 R175H or WT p53. Interestingly, the luciferase activity of WT pGL3-130b was significantly repressed by R175H, but was transactivated by WT p53. However, expression of mutant p53 or WT p53 did not affect the luciferase activity of mutant pGL3-130b ([Figure 3f](#fig3){ref-type="fig"}). Therefore, our observations by qRT--PCR, ChIP--qPCR and the luciferase assay collectively demonstrate that a GOF p53 mutant binds to and transrepresses the miR-130b promoter.

Our results showing a fivefold increase in the ability of WT p53 to transactivate the promoter of miR-130b ([Figure 3f](#fig3){ref-type="fig"}, lane 2) raised an interesting possibility that WT p53 controls metastasis through modulation of miR-130b. Therefore, we transiently transfected the WT p53 expression vector into HEC-50 cells ([Figure 4a](#fig4){ref-type="fig"}). A qRT--PCR analysis revealed that expression of WT p53 protein significantly induced the levels of miR-130b and also slightly increased the expression of miR-200c ([Figure 4b](#fig4){ref-type="fig"}), which is a known target of WT p53.^[@bib6]^ In WT p53-expressing HHUA cells, activation of p53 in response to the Mdm2 antagonist Nutlin-3 ([Figure 4c](#fig4){ref-type="fig"}) enhanced the level of miR-130b, but this was abolished by the shRNA-mediated knockdown of p53 ([Figure 4d](#fig4){ref-type="fig"}). Consistent with an earlier report,^[@bib6]^ the knockdown of WT p53 in HHUA cells induced changes associated with EMT, such as a mesenchymal morphology ([Figure 4e](#fig4){ref-type="fig"}), low expression of *E-cadherin*, upregulation of *ZEB1* and *BMI-1* ([Figure 4f](#fig4){ref-type="fig"}), and increased cell invasion ([Figure 4g](#fig4){ref-type="fig"}). We also observed an enrichment of WT p53 binding to both the miR-130b and p21 promoters using a ChIP--PCR analysis ([Figure 4h](#fig4){ref-type="fig"}). In addition, WT p53 was able to transactivate a pGL-3-miR-130b luciferase reporter gene ([Figure 4i](#fig4){ref-type="fig"}). Silencing of p53 by shRNA abrogated Nutlin-3-stimulated luciferase activities of the miR-130b promoter ([Figure 4i](#fig4){ref-type="fig"}, compare lane 5 to lanes 7 and 8). These data indicated that mutant and WT p53 exert opposite effects on miR-130b expression, which supports the hypothesis that a p53 GOF mutant contributes to EC carcinogenesis by altering the expression of miR-130b.

Despite direct transcriptional regulation by mutant p53, some GOF effects of the p53 mutants may depend on their ability to inactivate p53 family members p63 or p73.^[@bib26]^ Furthermore, p63 has been shown to inhibit metastasis through transactivation of miR-130b.^[@bib27]^ Therefore, we determined whether p63 inhibition by the p53 mutants is involved in the p53 GOF mutant-induced suppression of *miR-130b* in HEC-50 cells. We found that downregulation of p63 protein expression by *p63* siRNA ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}) resulted in a dose-dependent decrease in *p21* luciferase activity ([Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}). As expected, transient transfection of the WT p53 expression vector markedly transactivated the *p21* promoter ([Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}). However, the mRNA expression of *miR-130b* did not substantially change after *p63* knockdown ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). Thus, p63 inhibition is not likely to be responsible for p53 GOF mutant-induced suppression of miR-130b in EC cells.

miR-130b impairs cell invasion by targeting ZEB1
------------------------------------------------

To investigate whether miR-130b can control EC cell invasion through the modulation of ZEB1 expression, we used TargetScan and miRviewer to search for miRNA-binding sites in the 3\'-UTR of *ZEB1*. The miR-130b was found to possess five evolutionary-conserved binding sites, suggesting that a potential interaction between miR-130b seed region and *ZEB1* mRNA 3′-UTR ([Figure 5a](#fig5){ref-type="fig"}). To test if miR-130b binds directly to ZEB1 transcript, we transfected biotin-labeled miR-130b into HEC-50 cells, pulled down mRNAs bound to miR-130b and quantified ZEB1 transcript using qRT--PCRs. We found that the levels of ZEB1 mRNA were highly enriched by miR-130b pull-down, as compared with control transcripts of housekeeping genes 5S rRNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). Real-time PCR and western blot analysis demonstrated that, in HEC-50 cells with high levels of ZEB1, restoration of miR-130b reduced ZEB1 mRNA and protein expression ([Figures 5b and c](#fig5){ref-type="fig"}). In contrast, in HEC-1 cells, which express low levels of ZEB1, miR-130b inhibition by transfection with anti-miR-130b increased ZEB1 mRNA and protein levels ([Figures 5b and c](#fig5){ref-type="fig"}). These results demonstrate that miR-130b directly interacts with ZEB1 mRNA and represses its expression.

To assess if miR-130b targets *ZEB1* 3′-UTR, reporter constructs containing either the WT *ZEB1* 3′-UTR or *ZEB1* 3′-UTR with mutation at the predicted miR-130b target sequence were co-transfected into HEC-50 cells together with miR-130b, control miRNA, anti-miR-130b or control anti-miRNA. Transduction of miR-130b caused marked inhibition of the WT *ZEB1* 3′-UTR, but had no effect on mutant *ZEB1* 3′-UTR ([Figure 5d](#fig5){ref-type="fig"}, compare lane 1 to lanes 2 and 3). In addition, miR-130b inhibition by anti-miR-130b substantially increased luciferase activities of WT *ZEB1* 3′-UTR compared with control anti-miRNA ([Figure 5d](#fig5){ref-type="fig"}, compare lane 4 to lane 5). These data together suggest that miR-130b downregulates ZEB1 expression in EC cells by destabilizing the ZEB1 mRNA as well as translational suppression.

To determine the functional effects of *miR-130b*-mediated ZEB1 suppression on cell invasion, a cell invasion assay was performed. We found that elevated expression of miR-130b in HEC-50 cells decreased cell invasion, and knockdown of miR-130b by anti-miR-130b in HEC-1 cells enhanced cell invasion ([Figure 5e](#fig5){ref-type="fig"}). In agreement with these findings, transfection of miR-130b, but not control miRNA, significantly reduced the mRNA levels of *BMI-1*, *Snail*, *KLF4*, *NANOG* and *MDR-1*, and increased mRNA expression of *E-cadherin* in HEC-50 cells ([Figure 5f](#fig5){ref-type="fig"}). Taken together, these results suggest that miR-130b directly targets *ZEB1,* and as a result reverses EMT-associated EC cell invasion.

The p53 GOF mutants stimulate EMT features through downregulation of *miR-130b*
-------------------------------------------------------------------------------

To further define the involvement of miR-130b in mutant p53-stimulated ZEB1 expression and EMT characteristics, miR-130b was transfected into mutant p53 R175H-expressing HEC-50 cells. Reintroduction of miR-130b abolished the mRNA expression of *ZEB1*, *Snail*, *BMI-1, KLF4* and *NANOG*, restored *E-cadherin* expression and markedly diminished p53R175H-induced cell invasion ([Figures 6a and b](#fig6){ref-type="fig"}). To further confirm these results, we used HEC-1 cells expressing shRNA against *p53* or control cells to show that transfection with anti-miR-130b was capable of restoring the mRNA levels of *ZEB1*, *Snail*, *BMI-1*, *KLF4* and *NANOG,* as well as decrease the expression of *E-cadherin* and initiate sphere formation ([Figures 6c and d](#fig6){ref-type="fig"}). These data demonstrate that a p53 GOF mutant downregulates miR-130b expression, which results in activation of ZEB1, and its downstream pathway and contributes to the induction of EMT and increased EC cell invasion.

Clinical association of miR-130b expression with prognosis of EC patients
-------------------------------------------------------------------------

The expression of miR-130 was significantly reduced (*P*=0.02) in EC tissues ([Figure 7a](#fig7){ref-type="fig"}). Moreover, patients with higher expression levels of miR-130b survived longer (*P*=0.05) than patients with lower expression levels ([Figure 7b](#fig7){ref-type="fig"}).

Discussion
==========

In this study, we have demonstrated that a GOF p53 mutant can induce EMT and increase invasive properties in EC cells by regulating a large set of EMT-associated genes. More importantly, we provide an underlying mechanism for p53 GOF-enhanced metastasis: mutant p53 can bind directly and transrepress the promoter of miR-130b, which is a specific inhibitor of ZEB1, leading to the upregulation of ZEB1 and subsequent activation of the E-cadherin suppressors BMI-1 and Snail ([Figure 8](#fig8){ref-type="fig"}). Notably, the effects of mutant p53 on EMT features and cell invasion can be partly abolished by restoration of miR-130b expression. Therefore, re-expression of miR-130b may inhibit tumor metastasis and progression, providing a potential therapeutic use in patients with EC.

Although upregulation of some miRNAs is reported in different tumors,^[@bib28]^ the widespread reduction of miRNA expression has been observed in a range of tumor types and is associated with increased metastatic activity.^[@bib29],\ [@bib30]^ Our findings suggest that the principal consequence of a p53 GOF mutant on miRNA expression is global repression. Thus, the correlation between a p53 GOF mutant and general repression of miRNAs suggests that the overall repression of miRNAs, especially those miRNAs with tumor suppressor function, is involved in p53 GOF mutant-stimulated EC metastasis and progression.

Several reports showed that p53 mutations not only target a set of genes that are different from those controlled by WT p53 such as c-myc,^[@bib31]^ but also differently modulate WT p53-target genes.^[@bib32],\ [@bib33],\ [@bib34]^ Mechanistically, the transcriptional effects of mutant p53 on WT p53-dependent promoters are mediated by at least four types of molecular interactions: (1) mutant p53 binds to WT p53-target gene promoters in the region distinct from WT p53 response elements.^[@bib35]^ (2) However, ChIP analysis reveals that mutant p53 physically associates with several promoters, such as EGR1^[@bib36]^ and MSP/MST-1,^[@bib37]^ which also interact with WT p53. (3) There is increasing evidence that both WT and mutant p53 can form a complex with sequence-specific transcription factors (Sp1,^[@bib38],\ [@bib39]^ NF-Y,^[@bib40],\ [@bib41]^ or other factors), and be recruited to binding sites of those factors on chromatin, and modulate their transcriptional activities. (4) In addition, p53 mutants can display the WT p53 conformation due to a shift in the conformational equilibrium,^[@bib42]^ and thereby bind to the consensus sequence.^[@bib43]^ Our data indicate that both mutant p53 and WT p53 are present on the miR-130b promoter to regulate its expression, which is consistent with the reported finding of mutant p53. Future studies will be required to identify the transcriptional factors that specifically interact with mutant p53 and clarify the biological significance of their physical interaction.

Previous studies have shown that miR-130b is downregulated in hepatocellular carcinoma^[@bib44]^ and aggressive papillary thyroid carcinoma.^[@bib45]^ Furthermore, downregulation of miR-130b confers a multidrug-resistant phenotype in ovarian cancer cells.^[@bib46]^ However, other reports also suggest that overexpression of miR-130b in CD133 (+) liver tumor-initiating cells increased their self-renewal capacity and chemoresistance.^[@bib47]^ We found that the transcriptional inactivation of miR-130b by mutant p53 is required for p53 GOF mutant-mediated EMT and invasive phenotypes in EC cells. These results suggest that miR-130b may have a dual function as both a tumor suppressor and oncogene, depending on the cancer type and cellular context.

The HEC-50 cell line (p53 null) was derived from a patient with invasive grade 3 EC. Thus, the inverse relationship between miR-130b and mutant p53 expression observed in these cells, which is a genetic alteration frequently found in aggressive EC, suggests that miR-130b expression is likely reduced in later stages of tumor progression when mutant p53 becomes the main driver of invasion and metastasis.

Some evidence has suggested that miR-194 is a WT p53-responsive miRNA with potent anti-proliferative activity.^[@bib48]^ Interestingly, we have recently shown that miR-194 is able to inhibit EMT and cell invasion of EC cells by targeting oncogene *BMI-1*.^[@bib16]^ Our present study suggests that the expression of miR-194 is negatively regulated by mutant p53 in EC cells. The significance and clinical relevance of miR-130b were further demonstrated in EC patients ([Figure 7](#fig7){ref-type="fig"}). Therefore, we postulate that p53 mutations induce EMT and promote EC metastasis, at least in part, through regulating both miR-130b/ZEB1 and miR-194/BMI-1 signaling pathways ([Figure 8](#fig8){ref-type="fig"}). Our results open a possibility that multiple molecular mechanisms with different miRNAs are involved in p53 GOF mutant-dependent EMT programming. Further research is clearly needed to understand the mechanisms of p53 mutant-mediated EMT induction and the functional cross-talk between p53 signal pathways and miRNA-modulated gene expression profiles.

Materials and methods
=====================

Cell culture
------------

The EC cell lines HEC-50 and HEC-1 were cultured in Eagle\'s MEM medium (Sigma-Aldrich, Poole, UK) supplemented with 15% fetal bovine serum. The EC cell line HHUA was maintained in Ham\'s F12 medium containing 15% fetal bovine serum. All cell lines used were obtained from the RIKEN cell bank (Tsukuba, Japan).

Generation of cells overexpressing mutant p53 and knockdown of WT p53
---------------------------------------------------------------------

HEC-50 cells at 80% confluency were transfected with vectors containing WT p53, mutant p53 (R273H, R175H, C135Y) or control vector as previously described.^[@bib49]^ The selection of stably transfected clones was achieved using a medium containing 400 μg/ml of G418 (Sigma-Aldrich) in the media. We knocked down p53 expression in HEC-1 and HHUA cells using a pSUPER-p53 vector or pSUPER control vector performed as previously described,^[@bib49]^ and selected cells with 1 μg/ml puromycin (Sigma-Aldrich).

Western blot analysis
---------------------

Whole-cell lysates were obtained using the M-Per Mammalian Protein Extraction Reagent (Pierce Biotechnology, Rockford, IL, USA). Proteins (40 μg) were separated on 10% SDS--PAGE and transferred to nitrocellulose membranes. Antigen--antibody complexes were detected using the electrochemiluminesence blotting analysis system (Amersham Pharmacia Biotech, London, UK). The following antibodies were used: mouse monoclonal anti-p53 (DO-7), goat polyclonal anti-ZEB1 (C-20), rabbit polyclonal anti-Twist (sc-81417), goat polyclonal anti-Snail (sc-10432), mouse monoclonal anti-p63 (sc-8431) and mouse monoclonal anti-GAPDH (sc-47724) (Santa Cruz, Santa Cruz, CA, USA). Rabbit polyclonal anti-BMI-1 (ab38295) (Abcam, Cambridge, MA, USA), rabbit polyclonal anti-E-cadherin (A01589), rabbit polyclonal anti-Vimentin antibody (A01189) (GenScript, Edison, NJ, USA) and mouse monoclonal anti-N-cadherin (BD Transduction, San Jose, CA, USA) antibodies were also used. Primary and secondary antibodies were used at 1:1000 and 1:5000 dilutions, respectively.

Molecular cloning of *miR-130b* promoter
----------------------------------------

The genomic region overlapping the p53-binding site was synthesized with forward primer (5′-AT[ACGCGT]{.ul}GGGTAAGGGACTCCTGAAGC-3′, [*Mlu*I]{.ul}) and reverse primer (5′-CG*AGATCT*GAGACAAGGTTTCACCACGTT-3′, *Bgl*II), and sub-cloned into *Mlu*I/*Bgl*II sites of the pGL3-basic plasmid (Promega, Madison, WI, USA) to produce pGL3-miR-130b (WT pGL3-miR-130b). (The underlined primer sequence indicates the sites for enzyme *Mlu*I.) Correct insertion was confirmed by gel electrophoresis and DNA sequencing.

ChIP assay and qPCR analysis
----------------------------

The ChIP assay was performed using the Pierce Agarose ChIP kit (Pierce; Thermo Scientific, Rockford, IL, USA) according to the manufacturer\'s protocol. Immunoprecipitation was carried out using mouse monoclonal p53 antibody (DO-7) or unrelated rabbit IgG as a negative control. To amplify the potential p53-binding site from nucleotides −3540 to −3520 in the promoter of miR-130b, real-time PCR was performed using the forward primer 5′-TTCATCCGTTCTCACACTGC-3′ and the reverse primer 5′-CAGGCTGGTCTCGAACTCC-3′. The human telomerase (*hTERT*) and *p21* genes were used as positive controls for mutant p53 and WT p53 binding, respectively.^[@bib21],\ [@bib25]^

Patients and samples
--------------------

The clinical sample cohort used for this study was approved by the Institutional Review Board of Stony Brook Medicine. Written informed consent was obtained from all participants involved in the study. Paraffin blocks containing formalin-fixed paraffin-embedded tissue samples were acquired from the archived collections of the Department of Pathology and used for subsequent analyses. The specimens were selected from samples obtained between 1995 and 2010, and each case had up to 15 years of clinical follow-up information. For RNA extraction, tumor samples and the adjacent normal tissues were obtained from 32 EC patients who underwent hysterectomy at Stony Brook Medicine, Stony Brook, New York. The characteristics of these patients are shown in [Table 1](#tbl1){ref-type="table"}.

RNA isolation
-------------

Using archived containing formalin-fixed paraffin-embedded tissues, separate areas of tumor and normal endometrium were identified from the corresponding hematoxylin and eosin-stained sections, and cores measuring 1.5 mm in diameter and 2 mm in length (∼0.005 g) were extracted. The samples were then deparaffinized, hydrated and digested with proteinase K. Subsequently, total RNA was isolated using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA).

Real-time qRT--PCR analysis of miRNA expression
-----------------------------------------------

The miR-130b-specific primers and the internal control *RNU44* gene were purchased from Ambion (Applied Biosystems, Foster City, CA, USA). cDNA synthesis was performed using the High Capacity cDNA Synthesis Kit (Applied Biosystems). qRT--PCR was carried out on an Applied Biosystems 7500 Real time system (ABI 7500HT instrument) using the TaqMan Gene Expression Assay.

Statistical analysis
--------------------

All experiments were performed in triplicate. All statistical analyses were performed using GraphPad Prism software 5.0 (GraphPad Software, Inc., San Diego, CA, USA) and SPSS statistical software (SPSS Japan Inc., Tokyo, Japan). A Student\'s *t*-test was used for analysis, and statistical significance was defined as *P*\<0.05. Gene expression Δ*C*~t~ values of miR-130b from each sample were calculated by normalizing them to the expression of the RNU44 internal control, and relative quantification values were plotted. The differences between tumor and normal tissues were analyzed using the Wilcoxon matched pairs test. Kaplan--Meier survival curves were generated to evaluate the correlation of miR-130b expression levels with survival rate.
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![Mutant p53 GOF contributes to EMT in EC cells. (**a**) Morphology of endometrial cancer HEC-50 cells containing a control vector or mutant p53 R175H. Scale bars represent 100 μm. (**b**) Protein expression of p53 and EMT markers as analyzed by immunoblot. (**c**) Invasion of HEC-50 cells following overexpression of mutant p53s (mean±s.d.; *n*=3; \**P*\<0.01). Representative images of invaded cells are shown. (**d**) Images indicate mammosphere formation in HEC-50 cells expressing the indicated constructs. The number of spheres obtained from 1000 cells at 12 days after plating (scale bar=50 μm; mean±s.d.; *n*=3; \**P*\<0.01). (**e**) Mutant R175H- or empty vector-transfected HEC-50 cells were treated with paclitaxel (0, 25, 50 and 75 nmol/l) for 48 h. Cell viability were determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (mean±s.d.; *n*=3; \**P*\<0.01). (**f**) Relative mRNA expression of stemness markers (normalized to GAPDH) in HEC-50 cells transfected with control or R175H vector, determined by qRT--PCR (mean±s.d.; *n*=4; \**P*\<0.01).](onc2012334f1){#fig1}

![Knockdown of mutant p53 in EC cells causes a reversal of EMT and inhibition of cell invasion ability. (**a**) Morphology of endometrial cancer HEC-1 cells transfected with control shRNA vector or p53 shRNA vector (scale bar=100 μm). (**b**) Protein levels of p53 and EMT markers as analyzed by western blot. (**c**) Invasion of HEC-1 cells after p53 shRNA transfection (mean±s.d.; *n*=3; \**P*\<0.01). Representative images of invaded cells are shown. (**d**) Images show mammosphere formation in HEC-1 cells after p53 silencing by shRNA. Number of spheres obtained from 1000 cells at 12 days after plating (scale bar=50 μm; mean±s.d.; *n*=3; \**P*\<0.01). (**e**) Control- or p53 shRNA-transfected HEC-1 cells were treated with paclitaxel (0, 15, and 30 nmol/l) for 48 h. Cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (mean±s.d.; *n*=3; \**P*\<0.01). (**f**) Relative mRNA expression of stemness markers (normalized to GAPDH) in HEC-1 cells after p53 silencing, determined by qRT--PCR (mean±s.d.; *n*=4; \**P*\<0.01).](onc2012334f2){#fig2}

![Mutant p53 binds to and transrepresses the promoter of miR-130b. (**a**) Schematic of algorithm used to select candidate microRNAs that potentially target ZEB1, and are negatively regulated by mutant p53s. (**b**, **c**) Relative miR-130b expression levels in HEC-50 cells transfected with mutant p53 vector (**b**), or in HEC-1 cells after p53 silencing by shRNA (**c**), were determined by qRT--PCR (mean±s.d.; *n*=4; \**P*\<0.01). (**d**) Location and sequence of predicted p53-binding sites in the promoter of miR-130b gene. Mutated residues (red) are indicated at the bottom. (**e**) ChIP--qPCR analysis of mutant p53 (DO-7 antibody) binding to the miR-130b promoter region in HEC-50 cells. Human telomerase (hTERT) was used as a positive control. The fold enrichment over the IgG control is represented (mean±s.d.; *n*=3; \**P*\<0.01). (**f**) HEC-50 cells were transfected with luciferase reporter plasmid pGL3-130b or empty pGL3-basic vector, along with control vector, wild-type p53 or mutant p53 R175H vector, and relative luciferase activity were assayed (mean±s.d.; *n*=3; \**P*\<0.01). All qRT--PCR or luciferase values were normalized to GAPDH or Renilla activity, respectively.](onc2012334f3){#fig3}

![WT p53 transactivates the promoter of miR-130b. (**a**) WT p53 protein level in HEC-50 cells transfected with WT p53 expression vector or control vector. (**b**) qRT--PCR for miR-130b and miR-200c in HEC-50 cells transfected with WT p53 expression vector or control vector (mean±s.d.; *n*=4; \**P*\<0.01). (**c**, **d**) HHUA cells transfected with p53 shRNA vector or control vector were treated with 5 μmol/l of Nutlin-3 or dimethyl sulfoxide (DMSO) for 12 h. WT p53 protein (**c**) and miR-130b expression (**d**) were detected by western blot analysis and qRT--PCR (mean±s.d.; *n*=4; \**P*\<0.01), respectively. (**e**) Morphology of HHUA cells after p53 silencing. Scale bars represent 200 μm. (**f**) Western blot analysis for EMT markers in HHUA cells after p53 silencing. (**g**) Invasion assay of HHUA cells after transfection with p53 shRNA (mean±s.d.; *n*=3; \**P*\<0.01). (**h**) ChIP--qPCR analysis of WT p53 (DO-7 antibody) binding to the miR-130b promoter region in HHUA cells. *p21* was used as a positive control. The fold enrichment over the IgG control is represented (mean±s.d.; *n*=3; \**P*\<0.01). (**i**) Indicated HHUA cells were transfected with luciferase reporter plasmid pGL3-130b or empty pGL3-basic vector, and treated with 5 μmol/l of Nutlin-3 or DMSO for 12 h. Relative luciferase activity was determined (mean±s.d.; *n*=3; \**P*\<0.01). All qPCR or luciferase values were normalized to GAPDH or Renilla activity, respectively.](onc2012334f4){#fig4}

![miR-130b impairs cell invasion by targeting ZEB1. (**a**) Schematic representation of the 3′-UTR of *ZEB1* with the predicted target site for miR-130b. Sequence of mature miR-130b reveals the evolutionary conservation of the target site across five species (below). (**b**, **c**, **e**) qRT--PCR (**b**, mean±s.d.; n=3; \**P*\<0.05), western blotting (**c**) and cell invasion assay (**e**, mean±s.d.; *n*=3; \**P*\<0.01) of HEC-50 or HEC-1 cells transfected with pre-miR-130b or anti-miR-130b, respectively. (**d**) Reporter constructs containing either wild-type *ZEB1* 3′-UTR or *ZEB1* 3′-UTR with mutation at the predicted miR-130b target sequence were co-transfected into HEC-50 cells, along with miR-130b, control miRNA, anti-miR-130b or control anti-miRNA. Relative luciferase activity was assayed (mean±s.d.; *n*=3; \**P*\<0.01). (**f**) Expression of EMT and stemness markers in HEC-50 cells transfected with pre-130b or control miRNA were analyzed by qRT--PCR (mean±s.d.; *n*=4; \**P*\<0.01). All qPCR or luciferase values were normalized to GAPDH or Renilla activity, respectively.](onc2012334f5){#fig5}

![The p53 GOF mutants stimulate EMT features through downregulation of *miR-130b*. (**a**, **c**) qRT--PCR for EMT and stemness markers in HEC-50 cells (**a**) or in HEC-1 cells (**c**) expressing indicated constructs, and pre-miRNAs and anti-miRNAs (mean±s.d.; *n*=3; \**P*\<0.01). (**b**) Invasion assay of HEC-50 cells expressing indicated vectors and pre-miRNAs (mean±s.d.; *n*=3; \**P*\<0.01). (**d**) Sphere formation assay of HEC-1 cells expressing indicated vectors and anti-miRNAs (mean±s.d.; *n*=3; \**P*\<0.01).](onc2012334f6){#fig6}

![Association of miR-130b expression levels with prognosis of EC patients. (**a**) The expression of miR-130b was significantly reduced in EC patients compared with paired normal specimens. (**b**) Kaplan--Meier overall survival curve according to miR-130b expression levels in EC patients (*P*=0.05).](onc2012334f7){#fig7}

![Schematic model indicating proposed mechanisms by which mutant p53 GOF induces EMT. Mutant p53 GOF induces EMT, through direct transrepression of miR-130b, an inhibitor of ZEB1, and subsequent activation of ZEB1-dependent signaling pathway.](onc2012334f8){#fig8}

###### Clinical features of 32 endometrial cancer patients used for microRNA analysis

  *Characteristics*                   *Frequency*  *Percentage (%)*
  ---------------------------------- ------------- ------------------
  Mean age in years (range)           67 (49--86)   
                                                    
  *Histology*                                      
   Endometrioid carcinoma                 15       48.6
   Serous carcinoma                        8       25.7
   Clear cell carcinoma                    5       14.3
   Malignant mixed mullerian tumor         3       8.6
   Undifferentiated carcinoma              1       2.8
                                                    
  *TNM stage*                                       
   I                                      18       60
   II                                      1       2.8
   III                                     5       14.3
   IV                                      8       22.9
                                                    
  *Survival (months)*                              
   Mean (range)                       52 (1--127)   
   0--40                                  13       44.1
   40--80                                 10       29.4
   \>80                                    9       26.5

[^1]: These authors contributed equally to this work.
